Photoluminescence ͑PL͒, radioluminescence ͑RL͒, and thermoluminescence ͑TL͒ investigation of Y 2 O 3 : Bi nanophosphors prepared by solution combustion synthesis using urea, glycine, and hexamethylenetetramine ͑HMT͒ as fuels was carried out. The as-prepared nanopowders have increasing crystallinity and average crystallite sizes for urea, glycine, and HMT, respectively. Luminescence is composed of two emission bands centered at 408 and 505 nm due to two nonequivalent Bi 3+ sites with symmetry S 6 and C 2 , respectively. The occupancy of these sites depends on the synthesis conditions, in agreement with theoretical predictions. Annealing at 1000°C for 1 h improves PL and RL efficiency due to enhanced crystallinity of the nanopowders and activation of recombination centers ͑Bi 3+ ions͒. No shift in the PL peak position was observed as a function of average crystallite size. The concentration quenching was experimentally determined to have a maximum emission of around 3 mol % of the dopant. TL spectra present several peaks between 50 and 300°C, and the total TL signal is correlated with the heat of combustion of the fuel and thus crystallinity increases. Most likely, increases in RL and TL are also due to the increase in the concentration of recombination centers.
I. INTRODUCTION

Bi
3+ ions are commonly used to activate materials, including oxides, phosphates, and borates.
1 These ions have 6s 2 electronic configuration, with the ground state corresponding to the 1 S 0 state and the first excited states to 3 P 0 , 3 P 1 , 3 P 2 , and 1 P 1 for increasing excitation energies. 2 Luminescence from Bi 3+ -doped materials has been extensively investigated in bulk materials, and a strong dependence on the host was found and ascribed to the coordination characteristics of the activator site, i.e., the number of and distance to ligands. 2, 3 The similarity of the ionic radii of Bi 3+ and Y 3+ allows for easy substitution of Bi for Y in the Y 2 O 3 system and is the focus of this paper. Y 2 O 3 has a bcc structure with I / I c symmetry and there are two six-coordinated nonequivalent cation sites. These sites correspond to atomic configurations where two oxygen vacancies are located on a cube ͑S 6 ͒ or face ͑C 2 ͒ diagonal. The S 6 site presents inversion symmetry and is highly symmetrical; the C 2 site is irregular since there are more atoms on one side of the luminescent center than on the other. Their occupancies are 8 and 24, respectively, out of the 32 sites that comprise the unit cell of Y 2 O 3 . In Y 2 O 3 , Bi 3+ strongly interacts with its surroundings, particularly the first shell of six oxygen ions, 4 and its luminescence is particularly complex in nature due to the existence of the two nonequivalent cation sites. The asymmetric environment of the Bi 3+ in the host shifts the energy levels, with the Stokes shift increasing for higher asymmetric environments, being 0.31 eV for the S 6 sites and 1.24 eV for the C 2 sites. 5 Two luminescence emission bands have been reported in literature around 410 and 520 nm, 2,3,5-8 which were attributed to the different electronic configurations of the Bi 3+ ions in the two cation sites. 6, 7 The more intense green luminescence was assigned to Bi 3+ in C 2 sites assuming equal occupancy of these ions in the C 2 and S 6 sites and by taking into account the larger occurrence of C 2 sites. 2 A recent theoretical work that investigated the Bi 3+ electronic levels in Y 2 O 3 in detail using the ab initio embedded cluster method coupled with correlated spin-orbit calculations confirmed this assignment. 4 Maximum luminescence efficiency was found for Bi concentrations in the 0.5-2 mol % range. 9 Recently, the investigation of luminescent properties of nanoscale insulating materials has attracted growing interest in the scientific community. Particular attention has been given to rare-earth doped Y 2 O 3 , including Eu, Nd, Er, and Tb. [10] [11] [12] [13] However, besides considerable investigation of bulk Y 2 O 3 : Bi, to the best of our knowledge, there are no reports on Y 2 O 3 : Bi nanophosphor. In this work, the synthesis, structure, photoluminescence ͑PL͒, radioluminescence ͑RL͒, and thermoluminescence ͑TL͒ of this nanomaterial were investigated and compared to the results available in literature for the bulk phosphor.
II. EXPERIMENTAL PROCEDURE
Nanophosphor powders were produced by the solution combustion synthesis ͑SCS͒ technique 14, 15 using three different organic fuels, urea, glycine, and hexamethylenetetramine ͑HMT͒ that have different heats of combustion 16 Table I presents the coefficients for the balanced equation for the production of 1 mol of Y 2 O 3 for each fuel. Prior to combustion, the mixture was dried in a vacuum oven at 115°C for 18 h. Combustion of all samples was conducted in air using a muffle furnace set at 600°C. After the combustion process, inhomogeneous dark-colored nanopowders were obtained. Annealing at 1000°C for 1 h in air generated homogeneously white nanopowders.
Pre-and postcombusted materials were investigated by differential scanning calorimetry ͑DSC͒ using a PerkinElmer diamond instrument. The temperature ranged from 100 to 600°C with 20°C / min heating rate. Structural characterization was carried out using a Siemens D5000 x-ray diffractometer with Cu K␣ radiation.
Transmission electron microscopy ͑TEM͒ was performed using a JEOL 3000F high resolution TEM operating at 300 keV accelerating voltage. Samples were crushed between two glass slides and swiped onto 400 mesh carboncoated Cu grids ͑SPI, Inc.͒. Dark field images were acquired using an aperture large enough to contain several diffraction spots.
PL excitation ͑PLE͒ and emission ͑PL͒ measurements were obtained in ambient conditions using a Photon Technology International TimeMaster™ fluorimeter. RL measurements were carried out in vacuum at room temperature using a Mo-target x-ray source operating at 50 kV and 40 mA. The effective x-ray energy was ϳ25 keV and the dose rate at the sample was 1.75 Gy/s ͑measured in air͒.
TL experiments were carried out on a Risø TL/OSL DA-15 automated system. The samples were affixed to stainless steel disks using silicone spray, and irradiations were performed with an on-board 90 Sr / 90 Y ␤ irradiation source delivering 0.13 Gy/s calibrated with quartz. Total doses from 0.4 to 99 Gy were used. The samples were heated at a rate of 1°C/ s and light detection was accomplished via a photomultiplier tube with bialkali photocathode ͑Thorn-EMI 9235QA͒ combined with a Schott BG39 filter ͑350-600 nm͒.
III. RESULTS AND DISCUSSION
A. Synthesis and microstructure
SCS is a robust technique that is based on exothermic redox reactions that undergo self-sustaining combustion. Mixtures of metal nitrates ͑oxidizers͒ and a fuel undergo spontaneous combustion under heating and the chemical energy from the exothermic reaction heats the precursor mixture to high temperatures promoting chemical bonding among the elemental constituents and crystallization. Given the far-from-equilibrium fast formation time of the nanocrystals, it is not uncommon to obtain metastable materials by SCS. 17 Y 2 O 3 : Bi was produced by SCS using three different fuels ͑urea, glycine, and HMT͒ and the as-prepared nanopowders were characterized by x-ray diffraction ͑XRD͒ and TEM. The combustion process was investigated by DSC measurements of precombusted mixtures of fuel, Y͑NO 3 ͒ 3 , and 1 mol % of Bi͑NO 3 ͒ 3 ·6H 2 O in relation to Y 2 O 3 . Figure  1 presents DSC results for all the three mixtures. The peak originates in the exothermic reaction, being negative since this technique measures the difference in the amount of heat needed to increase the temperature of the sample in relation to a known reference as a function of temperature. Consequently, the intense release of energy during combustion is seen as a negative peak. The variation in the enthalpy of combustion ͑⌬H͒ was extracted from the peak area and is presented in Table I . The results showed ⌬H to increase from urea to HMT to glycine, with a concomitant decrease in the onset combustion temperature. DSC measurements of postcombusted materials showed no evidence of residual fuel in the SCS products.
TEM images of as-prepared nanopowders using all the three fuels are presented in Fig. 2 . Results from materials obtained using urea are presented in Figs. 2͑a͒-2͑c͒, glycine in Figs. 2͑d͒-2͑f͒, and HMT in Figs. 2͑g͒-2͑i͒. In addition to high-resolution imaging ͓Figs. 2͑b͒, 2͑e͒, and 2͑h͔͒, visualization of individual nanocrystals was also obtained by means of dark-field imaging ͓Figs. 2͑c͒, 2͑f͒, and 2͑i͔͒. TEM results show that the morphology ͓Figs. 2͑a͒, 2͑d͒, and 2͑g͔͒, size, and organization of the crystalline domains ͓Figs. 2͑c͒, 2͑f͒, and 2͑i͔͒ differ considerably for each fuel. Nanopowders produced using HMT and glycine present well-formed faceted individual nanocrystals ͓Figs. 2͑e͒, 2͑f͒, 2͑h͒, and 2͑i͔͒ fused to each other forming large particles ͓Figs. 2͑d͒ and 2͑g͔͒, while those produced using urea ͓Figs. 2͑b͒ and 2͑c͔͒ do not present well-defined crystalline domains. Also clear from the dark-field images is the increase in the average crystallite size from urea to glycine to HMT. XRD results of SCS-produced materials using different fuels showed Y 2 O 3 to have cubic structure, 27 in agreement with the previous results obtained on SCS-produced Tbdoped Y 2 O 3 , 14 while the presence of Bi 2 O 3 ͑Ref. 28͒ was observed only in materials prepared using urea. XRD measurements carried out in identical ways using pellets of the same dimensions and mass showed considerable variation in the crystallinity of the samples as a function of fuel. We used the relative intensity of the ͑222͒ diffraction peak at 29.1°a fter background subtraction to infer the degree of crystallinity of each nanopowder. Intensity increased by factors of 4 and 10 for glycine and HMT, respectively, in relation to urea ͓Figs. 3͑a͒-3͑c͔͒, and a correlation between the heat of combustion of the fuel and crystallinity is shown in Fig. 3͑d͒ . These measurements also revealed peak broadening due to 3 . XRD results of as-prepared nanopowders using ͑a͒ urea, ͑b͒ glycine, and ͑c͒ HMT. ͑d͒ Correlation between crystallinity and heat of combustion of SCS fuels, where the line is a guide to the eyes only and ͑e͒ diffraction peak broadening due to reduced crystallite size effects in Y 2 O 3 :Bi ͑2 mol %͒ prepared by SCS using different fuels.
reduced crystallite size effects ͓Fig. 3͑e͔͒, and DebyeScherrer analysis yielded average sizes increasing from 9 to 13 to 29 nm for urea, glycine, and HMT, respectively. Size analysis of nanopowders annealed at 1000°C for 1 h yielded similar average crystallite sizes within the 30-35 nm range for all fuels, while the relative intensity of the ͑222͒ diffraction peak was 9, 7, and 13 times greater for urea, glycine, and HMT, respectively, in relation to the intensity of the as-prepared nanopowder using urea. Major crystallinity enhancement was observed after annealing of urea-and glycine-prepared nanopowders, where an increase by factors of 9 and ϳ2, respectively, was observed. Annealing of HMTprepared nanopowder led to a relatively little change in crystallinity. Additionally, annealing promoted the dissolution of the Bi oxides present in the urea-prepared nanopowder as expected due to the much higher heat of formation of Y 2 O 3 than that of Bi 2 O 3 at 1000°C.
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B. Luminescence
PL results of as-prepared 2 mol % doped nanopowders excited at 373 nm are presented in Fig. 4 , together with those obtained from samples annealed at 1000°C for 1 h. Within the instrumental resolution of Ϯ1 nm, no shift in the position of the emission band was observed as a function of the fuel, and thus of nanocrystal size or annealing procedure. This is expected since the electronic transitions responsible for PL occur within the Bi 3+ ion and thus are not quantum confined by the nanocrystals. For the as-prepared nanopowders, HMT yields the highest PL output followed by glycine, while no emission from urea-prepared nanopowder could be detected. On the other hand, annealing reversed this picture by making urea-prepared the brightest nanopowder followed by glycine and HMT. The PL results showed that annealing of SCS-prepared materials leads to the enhancement in luminescence output. It has been suggested that this enhancement originates in the removal of OH − radicals. 19 In this work, we obtained evidence that improvement of PL output can also be related to increased crystallinity. This is particularly true for the nanopowder prepared using urea as the fuel since PL emission occurred only after annealing. In this case, as shown by XRD results, dissolution of the Bi 2 O 3 phase due to annealing leads to the substitution of Bi 3+ for Y 3+ and thus to luminescence activation. Similar results were obtained by means of RL measurements as shown in Fig. 5͑a͒ for the as-prepared and in Fig. 5͑b͒ for the 1000°C annealed nanopowders. In the case of x-ray excitation, a very weak RL signal from the as-prepared nanopowder using urea as fuel was observed.
Our results show a correlation between crystallinity and PL/RL output since increases in PL/RL output correspond to increases in the ͑222͒ diffraction peak intensity. For example, the intensity of the ͑222͒ peak increased 1.7 and 1.3 times after annealing for glycine and HMT, respectively, concomitant with increases of 4.3 and 1.4 times in PL and 36 and 2.6 times in RL, respectively. Since structural disorder and the presence of defects may create electronic levels that quench luminescence, PL/RL output enhancement was attributed to the elimination of quenching centers due to increasing nanopowder crystallinity and by the activation of Bi 3+ centers induced by annealing. Similar results were observed in SCSprepared Gd 2 O 3 : Eu. 17 As discussed in Sec. I, there are two nonequivalent sites for the luminescent center Bi 3+ ions. Measurements of the excitation and emission spectra of the two centers were carried out for annealed nanopowders doped with 2 mol % prepared using the three fuels ͑Fig. 6͒. The center with S 6 symmetry has excitation and emission bands centered at 373 and 408 nm, respectively, while the center with C 2 symmetry has excitation and emission bands centered at 340 and 505 nm, respectively. The excitation and emission peak positions did not vary as a function of the fuel and thus of average crystallite size or degree of crystallinity. This result shows that changes in PL output are related to changes in the number of active recombination centers. The Stokes shifts were calculated to be 0.28 and 1.19 eV for the S 6 and C 2 , respectively, slightly smaller ͑ϳ0.4 eV͒ than those reported for the bulk. 
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nm, while emission from the C 2 center was reported in a broader range, from 481 to 520 nm, 2,3,5-8 though more consistently at 520 nm. 2, 5, 8 Our results fall comfortably in the reported range of emission values, with the C 2 center emission being very close to the value reported by Toma et al.
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The reason for the larger variation in the reported values of the emission from C 2 centers is not known. Also seen in Fig. 6 is a systematic decrease in the intensity of the excitation and emission bands related to S 6 sites in relation to C 2 site bands for higher heats of combustion, i.e., from urea ͓Fig. 6͑a͔͒ to glycine ͓Fig. 6͑b͔͒ to HMT ͓Fig. 6͑c͔͒. Since the C 2 : S 6 site population ratio is 3:1, results obtained with HMT are closer to those reported for bulk crystals. These results are in agreement with the theoretical predictions based on atomic-scale simulations of the occupancy of Bi 3+ in Y 2 O 3 using Born-type ions interacting through the Buckingham potential. 20 These calculations suggest that Bi 3+ ions will preferably occupy S 6 sites but that the high temperatures and lengthy thermal treatments needed to synthesize bulk Y 2 O 3 single crystals can overwhelm the potential barrier for C 2 occupancy and populate both sites with equal probabilities. 21 Similarly, progressively more vigorous combustions obtained using urea, glycine, and HMT lead to the population of both sites with more even probabilities and thus to an increase in the number of C 2 sites occupied by Bi ions. Changes in the occupancy of dopants in different crystallographic sites in combustion-prepared phosphors have been reported before. 22 The experimental results obtained in this work demonstrate that the far-from-equilibrium conditions of the SCS method can be explored to obtain unique luminescent properties.
The concentration quenching curve for both emission bands was determined for nanopowders prepared using glycine as fuel after 1000°C annealing, with Bi concentrations up to 15 mol %. The results are shown in Fig. 7 , where the dotted lines are guides to the eyes only. Maximum PL output is observed at around 3 mol %, higher than previously reported for the bulk, 9 and in agreement with the trend commonly observed in nanophosphors. 12, 13, 23, 24 Concentration quenching originates in efficient energy transfer between dopant ions ͑"dopant chain"͒, followed by the occasional transfer to a quenching center where energy is lost as heat. In a homogeneously doped bulk crystal, due to the absence of physical boundaries between the dopants, luminescence is maximized at dopant concentrations as high as a few at. %. However, given the large number of nanocrystals forming the nanopowders ͑ϳ10
16 / g for nanoparticles with 30 nm average size͒, it has been suggested that in some nanocrystals the dopant chain may happen to be far from the quenching centers, allowing higher concentrations of dopants to be incorporated before quenching is observed. 13 TL measurements probe a class of defects with energy levels in the band gap of insulating or semiconducting materials. This technique was used to study unannealed 2 mol % Bi-doped Y 2 O 3 nanopowders prepared with different fuels. These results are presented in Fig. 8 for the three fuels as a function of irradiation dose. The results were normalized by sample mass to allow for direct comparison between the plots. Spectra analysis shows that there is no shift in the peak temperature of the major TL peaks as a function of irradiation dose, suggesting a first order kinetics TL mechanism. The results also show that for a given irradiation dose, the TL response is progressively more intense for urea-, glycine-, and HMT-prepared nanopowders. The TL spectra of all nanophosphor samples present at least three peaks between 50 and 300°C, with the peak positions depending on the SCS fuel and the same peaks not being present in all samples. suggest that the incorporation of Bi 3+ ions is responsible for the creation of additional electron traps. Additionally, the presence of TL peaks at different temperatures in each sample reflect the nonstochastic nature of the combustion process in creating different defects with different concentrations for different synthesis conditions. While the TL peaks of bulk Y 2 O 3 have been analyzed using a general-order kinetics model from which activation energies of 1.19 and 1.21 eV were extracted, the nature of the defects and/or impurities generating these traps was not identified. 25 Although further work is necessary to describe in detail the energy of the traps in the nanopowders, the similarity of certain peaks in the nanopowders and bulk samples suggests that the defects responsible for the traps may be similar while having slightly different energy depths below the conduction band due to synthesis conditions and/or structural disorder. In Fig. 9 , the integrated TL signal obtained for three different irradiation doses, 3, 25, and 99 Gy, is presented as a function of the heat of combustion of the fuels, showing a correlation between TL area and the amount of energy released during the combustion ͑heat of combustion͒. Based on the results presented in Fig. 3͑d͒ , it is also possible to correlate the increase in TL with the increase in nanopowder crystallinity. The increase in PL with crystallinity is understood by the activation of Bi 3+ ions in the host and the elimination of quenching centers leading to the increase in the concentration of active recombination centers. The increase in RL and TL is compatible with the increase in the concentration of recombination centers, 26 though direct measurement of the concentration of traps is needed to fully validate our hypothesis.
IV. SUMMARY AND CONCLUSIONS
The synthesis, structural, and morphological characterization of Bi-doped Y 2 O 3 nanopowders produced by SCS together with luminescence investigation were carried out. By means of XRD, PL, and RL measurements, a correlation between crystallinity and luminescence output was determined. Such correlation is attributed to the progressive activation of Bi 3+ ions in the host and the elimination of quenching centers. It was also found that Bi 3+ occupancy in the C 2 and S 6 sites and the dominant luminescence emission wavelength can be controlled by the synthesis conditions ͑fuel͒, and that maximum PL output was found for 3 mol % dopant concentration. Additionally, TL signal was found to increase for nanopowders prepared using fuels with higher heats of combustion and thus increasing crystallinity of the nanopowders. Most likely, increases in RL and TL are also due to the increase in the concentration of recombination centers.
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